heteroatoms such as Sn, Ti and B, etc [9] . As we all known, the preparation of heteroatom substituted silica-alumina zeolites by directly synthesis is at low efficiency such as the preparation of Sn-Beta and TS-1 [10, 11] . The preparation procedure is usually complex and needs to be controlled strictly.
In comparison, grafting heteroatoms over hydroxyl nests by post-treatment could be operated at much milder conditions.
The special property of hydroxyl nests has been known for decades, however, the application of them has only been restricted in the Beckmann rearrangement. Jia et al [12] reported the hydroxyl nests are responsible for the rapid deactivation of ZSM-5 zeolite in methanol conversion. The hydroxyl nests accelerate the secondary reaction and coke formation side-reactions [13] .
HZSM-5 zeolite with MFI structure (0.55*0.55 nm zigzag, 0.55*0.57 nm straight channel) [14] has been widely applied in many heterogeneous catalytic processes [15] . The well-developed porous structure with high surface area and strong acidity endows the extraordinary performance of HZSM-5 as successful solid acid catalyst. The acidity of HZSM-5 originates from the existence of framework aluminum species. Usually, the Si(OH)Al Brønsted acid sites located at the intersection of straight channel and zigzag channel of HZSM-5 zeolite obtain the strongest acidity while the Si(OH)Al Brønsted acid sites located at other sites obtain little weaker acidity. In general, the acid strength of HZSM-5 originates from the framework aluminum species (Si(OH)Al) is strong and the attenuation by post-treatment methods such as dealumination and ion-exchange by base metals is widely studied [16, 17] . Considering the weak acidity of hydroxyl nests, by regulating the ratio of hydroxyl nests to Si(OH)Al groups, we could prepare HZSM-5 zeolites with tunable acidity obtaining strong and weak acid sites simultaneously. These HZSM-5 zeolites could be named as defective zeolites and are expected to show novel catalytic properties.
In this study, a series of defective ZSM-5 zeolites with different SiO 2 /Al 2 O 3 ratio and hydroxyl nests content (~300 nm, SiO 2 /Al 2 O 3 ratio of 55, 100, 400 and 950) were intentionally prepared. Since the Zn modified HZSM-5 zeolites have been extensively studied and testified to be effective in the aromatization of short-chain hydrocarbons [18] [19] [20] . Zn(C 2 H 5 ) 2 was grafted onto these defective ZSM-5 zeolites through CLD method. We find that Zn(C 2 H 5 ) 2 was preferentially grafted on the hydroxyl nests with weak acidity rather than on the Si(OH)Al groups with strong acidity over different defective zeolites. The Zn species grafted over hydroxyl nests obtain better dehydrogenation performance than Zn species over framework aluminum species. Note: SBET, BET surface area was calculated by the Brunauer-Emmett-Teller (BET) method; Vmicro, micropore volume was determined by t-plot; Vmeso, mesopore volume was determined by Vtotal-Vmicro; the relative crystallinity was estimated by comparing the total XRD peak area of a zeolite sample in the range of 2 theta from 22 to 25 o with that of the parent HZSM-5 having the strongest diffraction intensity.
The morphology of prepared ZSM-5 zeolites with different SiO 2 /Al 2 O 3 ratios was determined by SEM. As shown in Figure 1 , all the crystals of these samples are in coffin shape and have a homogeneous crystal size of around 300 nm. The XRD patterns of as-prepared ZSM-5 zeolites with different SiO 2 /Al 2 O 3 ratios are shown in Figure 2 . In order to determine the relative crystallinity of these zeolites, the commercial ZSM-5 zeolite (Z80, produced by Zeolyst) with SiO 2 /Al 2 O 3 ratio of 80 was applied as reference. The typical diffraction peaks of MFI type structure at 7.96, 8.83, 23.18, 23.99 and 24.45° were observed over all of these samples [21] . The Z55 sample obtained the lowest relative crystallinity of 89.84%. In comparison, other as-prepared ZSM-5 zeolites (Z100, Z450 and Z900) obtain similar crystallinity with the commercial Z80 zeolite. For the as-prepared ZSM-5 zeolites, the surface area and pore volume increased with SiO 2 /Al 2 O 3 ratio (Table 1) . Except for Z55, the other prepared zeolites obtain similar surface area and pore volume to that of Z80 reference. These results suggest that the as-prepared ZSM-5 zeolites with high SiO 2 /Al 2 O 3 ratio are well-crystallized zeolites with similar porous structure of commercial Z80 reference.
To our surprise, although the textual properties of the as-prepared ZSM-5 zeolites and Z80 reference are similar, their chemical properties are totally different. The acidity of these samples are characterized by OH-FTIR and NH 3 -TPD ( Figure 3 and Figure S1 ). Figure 3a shows the characteristic IR spectra of the as-prepared ZSM-5 zeolites in the range of 3800-3200 cm -1 , which corresponds to the OH-stretch vibrations in ZSM-5 zeolites. Three adsorption bands could be identified from the spectra. The band at 3720 cm -1 belongs to the free internal silanol (SiOH) [22] . The band at 3740 cm -1 can be associated with the isolated external silanol (SiOH), and the broad SiOH band centered at around 3500 cm -1 is generally ascribed to hydroxyl nests that consist of a number of silanol groups interacting through extended hydrogen bonding [22] [23] [24] . The intensity of hydroxyl nests over different prepared ZSM-5 zeolites is great stronger than the other peaks. One thing needs to be paid attention is that the absorbance of framework aluminum species Si(OH)Al (3610 cm -1 ) [22, 25] over these zeolites do not show up. These Si(OH)Al species might be overlapped by hydroxyl nests. Based on these OH-FTIR results, the as-prepared ZSM-5 zeolites containing substantial amount of hydroxyl nests were defined as defective ZSM-5 zeolites.
The NH 3 -TPD profiles of defective ZSM-5 zeolites with different SiO 2 /Al 2 O 3 ratios are shown in Figure 3b . Generally, the NH 3 -TPD profiles of HZSM-5 zeolites have two typical desorption peaks: one centered at about 270 o C (low-temperature peak) and one other at 400 o C (high-temperature peak). The low-temperature peak is associating with acid sites obtaining weak acidity [26] [27] [28] . The high-temperature peak is associating with acid sites obtaining strong acidity [29, 30] . The total acid amount of these samples The resonance at -106 ppm is assigned to (AlO) Figure 6 shows the 29 Si MAS NMR spectra of Zn modified Z950 zeolites.
The strongest resonance at -116 ppm corresponding to Si(OSi) 4 species over these samples is at the same level. While, the relative intensity of The results of FT-IR ( Figure 5 ) and 29 Si MAS NMR ( Figure 6 ) show that Zn(C 2 H 5 ) 2 preferentially interact with hydroxyl nests on defective ZSM-5
zeolites. In order to selectively graft zinc species on Si(OH)Al, eliminating the hydroxyl nests over defective ZSM-5 zeolite is necessary [34] . Defective Z950 zeolite was treated by (NH 4 ) 2 SiF 6 solutions to prepare defect-free ZSM-5 zeolite named as Z950R [37] , then Zn(C 2 H 5 ) 2 was grafted onto Z950R to obtain Zn/Z950R. As the OH-FTIR spectra shown in Figure 7 , the hydroxyl nests (absorbance centered at around 3500 cm -1 ) disappeared while the were performed in pulse micro-reactor under atmospheric pressure. The product distributions of Zn/Z950 and Zn/Z950R were shown in Table S1 . For
Zn/Z950 (Figure 9 ), the selectivity of BTX apparently increased at the expense of the selectivity of C2-C6 olefin with Zn/Al ratio. While the selectivity of methane and ethane exhibited adverse trend. These results suggest that Zn 2+ located at hydroxyl nest could catalyze the dehydrogenative aromatization of n-hexane significantly. However, for Zn/Z950R, the selectivity of BTX slightly increased with Zn/Al ratio. These results show that Zn species located in hydroxyl nests obtain better dehydrogenation performance than Zn species over framework aluminum species. Operando DB-FTIR spectroscopy study was employed to know more about the catalytic functions of Zn 2+ locating at ion exchange position and hydroxyl nests in n-hexane transformation. To do this study, an operando spectroscopy system was built according to described method [39] . 
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Materials and Methods
Materials
Nano-sized defective NaZSM-5 zeolite with 
Characterization
The materials were characterized by scanning electron microscopy (SEM);
X-ray fluorescence (XRF); inductively coupled plasma optical emission spectrometry (ICP-OES); Argon physisorption; X-ray diffraction (XRD); temperature programmed desorption of NH 3 (NH 3 -TPD); fourier transform infrared spectroscopy (FT-IR) and high resolution 29 Si magic angle spinning nuclear magnetic resonance (MAS-NMR).
The scanning electron microscopy (SEM) image to characterize the surface morphology of the as-prepared zeolite sample was taken on a Quanta 450 scanning electron microscope.
X-ray fluorescence (XRF) measurements were performed with a Bruker S8 TIGER spectrometer to determine the bulk silicon-to-aluminum ratio. scanning speed. By assuming that the zeolite sample having the largest peak area in the range of 2 theta from 22 o to 25 o as a reference had a crystallinity of 100% (here it was Z80), the relative crystallinity of each zeolite sample was then estimated by comparing its total peak area in this 2 theta range with that of the reference sample.
NH 3 -TPD measurements were carried out in a self-designed flow apparatus using TCD detector. Approximately 150 mg of the zeolite sample was used in each measurement, which was first pretreated at 600 o C for 1 h in a helium stream (30 ml/min) and then cooled down to 100 o C. Saturated adsorption of NH 3 on the zeolite sample was then achieved by pulse gaseous NH 3 into the sample tube. After that, the physically adsorbed NH 3 was removed by flushing the sample tube with a helium flow (30 ml/min) at 100 o C for 2 h. To get the NH 3 -TPD profile, the zeolite sample was then heated up from 100 to 600 o C at a ramp of 17 o C/min; the amount of NH 3 released during the heating for desorption was measured by a thermal conductivity detector (TCD).
The spectra of the surface hydroxyl (-OH) vibration were obtained with a High resolution 29 Si magicangle spinning nuclear magnetic resonance (MAS-NMR) spectra were recorded using an Agilent DD2 500 spectrometer. analyzed by an online gas chromatograph (TECHCOMP GC7900) equipped with a PLOT-Q column (30 m×4 mm) with a flame ionization detector.
The n-hexane conversion (C n-hexane ) and product selectivity (S i ) were calculated using the following equations:
where A i and A n-hexane are the corrected chromatographic areas of a specific species grafted over framework aluminum species. This study provides guidance for the rational design of highly efficient alkane dehydrogenative aromatization catalysts.
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